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ABSTRACT
THE PROMISE OF VR HEADSETS: VALIDATION OF A VIRTUAL REALITY
HEADSET-BASED DRIVING SIMULATOR FOR MEASURING DRIVERS’
HAZARD ANTICIPATION PERFORMANCE
SEPTEMBER 2019
GANESH PAI MANGALORE
B.E., N. M. A. M. INSTITUTE OF TECHNOLOGY, NITTE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Siby Samuel
The objective of the current study is to evaluate the use of virtual reality (VR) headsets to
measure driving performance. This is desirable because they are several orders of
magnitude less expensive and, if validated, could greatly extend the powers of simulation.
Out of several possible measures of performance that could be considered for evaluating
VR headsets, the current study specifically examines drivers’ latent hazard anticipation
behavior both because it has been linked to crashes and because it has been shown to be
significantly poorer in young drivers compared to their experienced counterparts in
traditional driving simulators and in open road studies. The total time middle-aged drivers
spend glancing at a latent hazard and the average duration of each glance was also
compared to these same times for younger drivers using a VR headset and fixed-based
driving simulator. In a between-subject design, forty-eight participants were equally and
randomly assigned to one out of four experimental conditions – two young driver cohorts
(18 – 21 years) and two middle-aged driver cohorts (30 – 55 years) navigating either a
fixed-based driving simulator or a VR-headset-based simulator. All participants navigated
iv

six unique scenarios while their eyes were continually tracked. The proportion of latent
hazards anticipated by participants which constituted the primary dependent measure was
found to be greater for middle-aged drivers than young drivers across both platforms.
Results also indicate that the middle-aged participants glanced longer than their younger
counterparts on both platforms at latent hazards, as measured by the total glance duration
but had no difference when measured by the average glance duration. Moreover, the
difference in the magnitude of performance between middle-aged and younger drivers was
the same across the two platforms. There were also no significant differences found for the
severity of simulator sickness symptoms across the two platforms. The study provides
some justification for the use of virtual reality headsets as a way of understanding drivers’
hazard anticipation behavior.
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1. BACKGROUND
1.1. Overview on Driving Simulators and Virtual Reality Headsets
Over the years, driving simulators have been extensively used for various transportation,
human factors, and behavioral studies (Slob, 2008). Their increased level of safety and
ability to simulate real-world scenarios with a high sense of immersion have made them
useful tools for studying drivers’ behavior and performance in low- and high-risk scenarios,
to evaluate alternative in-vehicle interface designs, and to conceptualize and design
training programs (Lee et al, 2001; Godley et al, 2002; Roenker et al, 2003). The realism
in the simulation of these virtual environments is particularly useful as the simulator tests
can be used as a precursor to open road evaluations, thereby minimizing research
expenditures and increasing the level of safety (Winn, 1999; Velev & Zlateva, 2017).
In the past few years, the market has been saturated with a wide variety of VR
headsets such as Oculus Rift, Nintendo Wii U VR, and HTC Vive, among others, which
have been used for research, training and educational purposes (Pulijala et al, 2018; Oagaz
et al, 2018; Lei et al, 2018). The ambiguity of a 3D environment is eliminated in VR
headsets and the true experience of that 3D environment which cannot be achieved in nonVR headset platform is possible (DeLuca & Deluca, 2003; Marks et al, 2014). VR headsets
allow the user to experience virtual worlds with higher resolution graphical quality,
regulated visual flow with a high sense of realism when compared to environments
presented on conventional driving simulators. Additionally, VR headsets have more
flexibility and portability which is not the case with most driving simulators.

1

Using Virtual Reality headsets, users can use the engaging, immersive virtual
worlds to learn rich and complex content while enhancing their technical, creative and
problem-solving skills (Burns, 2012). By executing optimized, intelligent designs with
systematic delivery, a user can grasp more complex concepts (Darken & Silbert, 1996).
This makes training programs aimed at drivers and pilots to be greatly enhanced by
introduction of Virtual Reality, by not only making it possible to measure participants’
behavioral responses more effectively, but by also making considerable cost reductions on
infrastructure, equipment and their accompanying technical support (McComas et al, 2002;
Velev & Zlateva, 2017). VR headsets can also be used to review certain expensive designs
and concepts more effectively, for example, by combining 3D models along with VR
headsets, an architect or contractor can walk through a simulated virtual space of a
structural design before the expensive real-life construction of that structure begins (Hilfert
& König, 2016). However, VR headsets do have their own disadvantages. VR headsets are
known to cause a phenomenon called the ‘Screen door effect’ which can be described as a
black grid over the original image while displaying a virtual world. The Oculus Rift
headset, when worn close to the eyes of the user, has been known to cause a screen door
effect. It is unclear whether the VR headset (HTC Vive) used in this research causes this
phenomenon. Ghosting is another phenomenon where faded trails appear behind moving
objects. This has again been detected during the use of the Oculus Rift (Desai et al, 2014).
Prolonged use of VR headsets could also cause physical discomfort which may affect the
user’s experience of the virtual environment. This may lead to the user developing a
negative attitude towards VR use in general. It should not be assumed that physical
ergonomics are simply due to the poor design of VR peripherals, since VR peripherals are
2

developing fast, although it is worth noting that sophisticated models may not be cost
effective (Nichols, 1999). In a study utilizing the Oculus Rift virtual reality headset,
simulator sickness was a strong factor in modulating people’s gaming experiences using
the Rift, though it was found that simulator sickness did not always significantly diminish
the participants’ immersive experiences. With that in mind, it is pivotal to consider the
effect of simulator sickness during the development of virtual worlds (Tan et al, 2015).
In the driving safety research domain, such headsets have been used to train hazard
anticipation behavior in young drivers (Agrawal et al, 2018). The aim of the current study
is to perform an initial validation of VR headsets as a platform for driving simulation since
they offer better immersion (Johnston et al, 2018), additional portability, and much lower
costs while maintaining the level of safety provided by traditional simulators. As such they
could greatly extend the use of simulators in science and engineering, possibly making the
study of 100s of drivers in mixed traffic environments a real possibility. However, at least
two concerns stand in the way.

First, there is a lack of documented research that

specifically examines the ability of these headsets to measure driving performance and do
so as well as traditional fixed-based driving simulators. Second, there is a concern that VR
headsets can lead to simulator sickness (Munafo et al, 2017; Jensen & Konradsen, 2018).
1.2. Hazard Anticipation
With respect to the first concern about VR headsets, several aspects of driver performance
could have been examined for such a validation study. In this experiment, we specifically
focus on a higher order cognitive skill – latent hazard anticipation. In the literature, hazard
anticipation is described as a collection of driver behavioral attributes such as the
3

awareness and knowledge of traffic risks, the ability to scan and understand hazardous
situations which may result in crashes, the ability to anticipate latent hazards from the
current field of view, and finally the capacity to adopt the necessary actions to safely
navigate the roadway by mitigating risks (Vlakveld, 2011; McDonald et al, 2015).
Researchers have learned that it is important to differentiate between hazards that are
visible and those that are not visible or have not materialized but can easily be anticipated
(Borowsky et al, 2013). This is perhaps best understood using examples: An example of a
visible hazard is a vehicle in the opposing lane crossing over into the driver’s lane. An
example of a hazard that is not visible, but can be anticipated, is a pedestrian in a crosswalk
hidden by a stopped vehicle in a travel lane. An example of a hazard that has not
materialized, consider a vehicle driving through a residential area, on a two-lane roadway
with a hidden driveway on the right side. The driveway is obscured by vegetation and any
potential hazard coming onto the road from the driveway is also obscured. To minimize
any potential conflicts, the driver would need to identify and continuously scan the
driveway for any potential hazards that may emerge until safely passing through that area
of the roadway (Mehranian, 2013).
There are two reasons we focus on hazard anticipation. On the one hand, there is a
consensus that young, novice drivers lack the ability to acquire and assess information
relevant to the recognition of risks on the road ahead (Mayhew & Simpson, 1995; Fisher
et al, 2002; Lee et al, 2008; Romoser et al, 2013). A driving simulator study by Pradhan et
al. (2005), reported that while 69.59% of older, experienced drivers engaged in behaviors
indicative of successful latent hazard detection in the scenarios, only 25.82% of the
younger, inexperienced drivers and 40.14% of the younger, experienced drivers depicted
4

such behaviors. In summary, hazard anticipation has been shown repeatedly to be
significantly poorer in young drivers than more experienced drivers (Pradhan et al, 2005),
and therefore can serve as a standard for comparing the performance of VR headsets with
other measures of latent hazard anticipation.
On the other hand, the inability to detect latent hazards has been linked to the
increased rate of crashes (Horswill & McKenna, 2004; Thomas et al, 2016), making it one
of the more critical skills with which to assess VR headsets. In one study, it was reported
that out of 1000 crashes reviewed, inexperience and failure to scan for hazards were the
main factors contributing to approximately 42.7% of the crashes (McKnight & McKnight,
2003). It was argued that this was due for the most part to the fact that younger drivers are
generally inexperienced rather than that they have an increased risk-taking tendency.
To begin the validation of the VR platform for driving simulation purposes, it is
vital to replicate results previously validated on another platform. A fixed-based driving
simulator was chosen for comparison due to similarities in the manner of simulation and
possibility of performance measurement. To validate the VR platform, we will compare the
hazard anticipation performance of young and more experienced, middle-aged drivers on
the VR headset-based driving simulator and a fixed-based driving simulator. The scenarios
used in Pradhan et al. (2005) were redeveloped on a VR headset using Unity 3D, to the
closest identifiable approximation. By comparing the two platforms we will determine
whether there is a difference in the proportion of latent hazards anticipated by young drivers
on the VR headset and fixed-based simulator and correspondingly, whether there is a
difference between middle-aged drivers on the two simulator platforms. If the differences
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are small, this will be important evidence that VR headsets can be used to measure one of
the most critical of behaviors, latent hazard anticipation.
1.3. Glance Duration
Glance duration refers to the temporal characteristics (for how long the driver looked) as
opposed to the spatial characteristics of latent hazard anticipation glances (where the driver
looked) mentioned in the previous section. The temporal characteristics include both the
total time the driver spends glancing at a latent hazard and the duration of each glance at a
latent hazard. It is important to know how long in total drivers glance at a latent hazard
because drivers who look for only a short total period of time or who take very short glances
are less likely to be able fully to perceive a threat, understand what the threat means, and
take appropriate action (Endsley, 1995).
With regard to temporal characteristics, it has been reported in previous simulator
studies that middle-aged drivers spend longer in total looking at latent hazards than their
younger counterparts (Urwyler et al, 2015; Crundall et al, 2012). As for the duration of
individuals glances, it has been reported that as measured on a driving simulator or using
video clips there are only marginally significant differences in the average glance durations
of middle-aged and younger drivers (Chapman & Underwood, 1998; Chan et al, 2010). For
this reason, we have considered both total glance duration and average glance duration as
our dependent variables in this study. To validate the VR platform, these two temporal
characteristics (the total duration of the glances at a latent hazard and the average glance
duration of each glance at a latent hazard) of young drivers and more experienced, middleaged drivers will also be compared between a VR headset-based driving simulator and a
6

fixed-based driving simulator. If the differences between the results acquired on both
platforms are small, this will further add to the evidence that VR headsets can be used to
measure indices of safe driving behavior.
1.4. Simulator Sickness
With respect to the second concern about VR headsets, simulator sickness, we gave
participants the Simulator Sickness Questionnaire (Kennedy et al, 19930). If VR headsets
when used to evaluate hazard anticipation create increased rates of simulator sickness, then
the differences should appear in the scores of the VR headset groups when compared with
the fixed-base simulator groups.
Simulator sickness is a major obstacle to the use of driving simulators for research,
training and driver assessment purposes. Due to a large amount of visual flow associated
with virtual environments, visual-temporal lags occur resulting in Simulator Sickness.
There is limited scientific literature as to what influences Simulator Sickness and its
subsequent effect on the behavior and performance of the user in the virtual environment.
Factors such as age, sex, and psychological traits, etc. which increase the likelihood of
simulator sickness have been identified. Other factors such as those related to various
elements of the virtual environment (curved roads, high speeds, long durations) and those
related to the technical setup of the simulator (controls, delay in response) have also been
recognized (Classen et al., 2011; Milleville-Pennel & Charron, 2015).
In the past, driving simulation and human factors researchers have employed
several measures to limit the problem of simulator sickness. These include various preexperimental screening questions during the recruitment stages regarding history with
7

motion sickness and preliminary practice drivers to identify and exclude subjects prone to
simulator sickness. Despite these measures, it has is seemingly impossible to rule out the
chances of a participant experiencing simulator sickness during simulation studies. (Brooks
et al.,2010).
In order to validate the VR platform, it is vital to determine whether there is a
difference in the simulator sickness questionnaire scores between corresponding driver
groups on the two simulator platforms. If the differences are small, this will further help
establish VR headsets as a feasible platform for future driving simulation studies.
1.5. Objective of the Thesis
To sum up, the objective of this study is to validate the VR headset-based driving simulator
for the following measures: binary-coded hazard anticipation (looked vs not looked), total
glance duration (how long did they glance after initial detection) and average glance
duration (how long did each of their glances last after initial detection). The results for
these variables obtained from participants on the VR headset-based simulator will be
compared to those obtained from the fixed-based driving simulator. We hypothesize that
these results will identical on both platforms and in-line with past findings, effectively
validating the VR platform for measuring anticipatory eye-movements in driving
simulation studies. Additionally, we also hypothesize that the symptoms of simulator
sickness as calculated from the Simulator Sickness questionnaire will be similar, and that
the VR platform will not generate simulator sickness symptoms any more than the fixedbased driving simulator. The methodology and procedures carried out to meet these
objectives will be detailed and explained in the following section.
8

2. METHODOLOGY
2.1. Participant Groups
The study recruited a total of 48 participants, which included 24 young drivers aged 18-21
years; 24 middle-aged drivers aged 30-55 years. There were two drop-outs during the
preliminary practice drive due to simulator sickness which were not included in the sample
size. For the 48 participants who completed the practice drive without any symptoms of
simulator sickness, half of the young and middle-aged drivers were randomly assigned
either to a fixed-based driving simulator or a VR headset-based driving simulator. This
resulted in four total groups of drivers, with each group consisting of 12 drivers: young
simulator, middle-aged simulator, young headset, and middle-aged headset. The average
age and average driving experience of the participants along with their respective standard
deviation are listed group wise in Table 2.1. The participant sample according to gender
has also been listed in Table 2.1.
Table 2.1. Sample Characteristics

Driver Group

Middle-Aged Simulator
Young Simulator
Middle-Aged Headset
Young Headset

Age
(Years)
Average
38.17
20.25
39.58
20.08

SD
7.5369
0.8292
8.7983
0.9538

Driving
Experience
(Years)
Average
SD
18.1522 9.6691
3.1433 1.2005
21.0142 7.5496
2.6692 1.1415

Population by Gender
Male
7
9
8
8

Female
5
3
4
4

There were no statistically significant differences in the mean ages or years of driving
experience of two young simulator groups or the two middle-aged simulator groups. All
participants held a valid United States drivers’ license, were recruited from the University
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of Massachusetts Amherst local area and were remunerated for their participation. Due to
the difficulty posed by eyeglasses during eye-tracking calibration, participants with
eyeglasses were excluded from the study. There were no other inclusion or exclusion
criteria in this study.
2.2. Apparatus and Software
The apparatus consists of a fixed-based driving simulator, an eye tracker, a VR headset and
vehicle controls. The primary software consists of various programs to create the virtual
worlds and coordinate events in these worlds. These are described in more detail below
and the differences between the two simulator platforms have been listed in Table 2.2.
2.2.1. Fixed-based Driving Simulator and Eye Tracker
1) RTI Driving Simulator: The Realtime Technologies (RTI) fixed-based driving simulator
at the UMass Amherst Arbella Insurance Human Performance Laboratory consists of a
fully equipped 2013 Ford Fusion placed in front of five screens with 330-degree field of
view (Realtime Technologies Catalog, 2018). The five front and side surrounding screens
have a display resolution of 1900 x 1200 dpi, with the sixth rear screen having a resolution
of 1400 x 1050 (Figure 2.1.). The cab also features two dynamic side-mirrors and a rearview mirror which provide rear views of the scenarios for the participants. The simulator
is equipped with a five-speaker surround system for exterior noise and a two-speaker
system for simulating in-vehicle noise. All aspects of the simulator are monitored and
coordinated on SimCreator which is a PC-based program that launches, controls and
collects real-time data from every simulator drive. The scenarios for the driving simulator
are designed and developed using software called Internet Scene Assembler (ISA) which
10

contain various commonly used roadway and environmental assets (roads, intersections,
buildings, trees, etc.) as well as a user-friendly interface which helps coordinate scripted
events in scenarios such as the appearance of a pedestrian at a certain distance from the
driver’s vehicle.

Figure 2.1. RTI Driving Simulator
2) ASL MobileEye: The Applied Science Laboratories (ASL) MobileEye is a monocular
eye tracker consisting of a pair of goggles with one camera focused on the eye, another
focused on the scene ahead, and a small reflective monocle for the eye camera to view the
eye without obstructing the participant’s view (Figure 2.2.). Calibration is conducted using
a 9-point calibration screen. Eye movements are recorded at a 30 Hz refresh rate and the
gaze cursor is overlaid on the recorded video output. The eye tracker has an accuracy of
0.5 degrees of visual angle. It is used for eye tracking on the fixed-based driving simulator.

11

Figure 2.2. ASL MobileEye
2.2.2. VR Headset-Based Driving Simulator
The VR Headset-Based Driving Simulator consists of the Tobii Pro Integrated HTC Vive
connected to a Logitech G29 Driving Force steering wheel. Unity 3D was used to initiate
and execute scenarios. A typical scenario in this experiment would display a virtual avatar
of a generic driver with hands on the steering wheel, seated inside a standard sedan class
automobile. The virtual cab consisted of shifters, pedals, steering wheel and side/rear view
mirrors similar to cabs in the real world. This gave the driver an immersive feel of being
seated in an actual car. If the participant moved the steering wheel in the real world, the
avatar would also move their hands similarly in the virtual world. Below are individual
components of the VR Headset-Based Driving Simulator briefly explained.
1) Tobii Pro Integrated HTC Vive: This virtual reality headset is a retrofitted version of the
HTC Vive Business Edition head-mounted display (HMD) which is integrated with Tobii
Eye Tracking (Tobii VR Integration, 2018). The headset provides a 110 field-of-view with
a display resolution of 1080×1200 at a 90 Hz refresh rate. The eye tracking platform uses
the Binocular Dark Pupil Tracking technique (Morimoto & Mimica, 2005) to track the
12

pupil and uses a five-point calibration method to provide eye-tracking with up to 0.5o of
visual error at a 120 Hz refresh rate (Figure 2.3., left panel).
2) Logitech G29 Driving Force: The steering wheel features a powerful dual-motor force
feedback to simulate the force effects required for an accurate response from the driver,
along with good steering action. The 900-degree lock-to-lock rotation enables the wheel to
be rotated two and a half times. It also consists of a separate floor pedal unit with integrated
throttle, brake, and clutch pedals (Figure 2.3., right panel).

Figure 2.3. Tobii Pro Integrated HTC Vive (Left); Logitech G29 Driving Force (Right)
3) Unity 3D: Unity is an all-purpose game engine that supports 2D and 3D graphics, drag
and drop functionality and scripting through C# (Figure 2.4.). In this study, the Unity 3D
engine was used to create graphically-pleasing, realistic environments featuring several onroad elements and hazards. Assets for the various on-road and environmental elements
(such as trees, signage, vehicles, etc.) featured in the scenarios were mostly designed from
scratch or imported from numerous resources on the Unity Store.

13

Figure 2.4. Designing virtual worlds using Unity 3D
Table 2.2. Differences between the two simulator/eye tracking platforms
Fixed-Based RTI Driving Simulator
and ASL MobileEye
Fidelity

High

VR Headset-Based Driving
Simulator
Low
None, but can be
programmed
to collect the desired output
Gaze point and direction are
available by default. Other
features are programmable.

Vehicle Measures Output

Speed, Lane Deviation, Steering wheel
offset, Acceleration, etc.

Eye-tracking Output

Gaze point, Gaze direction, Blink Rate,
Horizontal & Vertical Dispersion

Eye-tracking Refresh Rate

30 Hz, monocular tracking

120 Hz, binocular tracking

Field of View

330 degrees (Fixed)

110 degrees (Relative to the
user's head position)

2.3. Experimental Scenarios
Using Unity 3D and SimCreator, 6 unique scenarios were designed respectively for the VR
headset-based driving simulator and the fixed-based driving simulator respectively, in
order to examine the driver’s ability to anticipate latent hazards. The design and layout of
14

roadways as well as the latent hazard zones featured in these scenarios were identical on
both platforms. The signage, traffic control, and lane markings were similar on both
platforms. The six scenarios were similar to those used in the Risk Awareness and
Perception Training (RAPT) program which were also evaluated in Pradhan et al. (2005).
The posted speed limit for the ‘Right Turn’, ‘Obscured Crosswalk’ and ‘Obscuring
Vegetation’ scenarios was 30 mph, while the posted speed limit for the ‘Left Turning
Truck’, ‘Pedestrian Island’ and ‘Stop Ahead’ scenarios was 45mph. The scenarios have
been listed in Table 2.3. and Table 2.4.
Table 2.3. Descriptions and Plan Views for Scenarios 1-3 (Note: Driver is the red car)
Scenario Description

Required Action

1. Right Turn: The driver
approaches a stop-sign controlled
four-way intersection with a travel
lane in either direction. The driver
is expected to turn right at the
intersection. There is a crosswalk
at the intersection and a pedestrian
approaching the crosswalk is
obscured by a block of buildings
on the right.
2. Left Turning Truck: The
driver approaches a four-way
intersection with two travel lanes
in either direction, with cross
traffic controlled by stop signs. In
the left lane, a truck is attempting
to make a left turn. The truck
blocks the driver’s view of any
oncoming traffic from the
opposing lanes.
3. Obscured Crosswalk: There is
a truck parked on the right side of
a two-lane roadway right before a
crosswalk. As the driver nears the
truck and tries to pass from its left
side, a vehicle approaches in the
opposing lane.

The driver should scan the
obscured area on the right
before
reaching
the
intersection to detect any
hazards that may arise from
the area or to yield to
pedestrians
that
may
attempt to cross at the
crosswalk.
The driver should glance at
the right occluding edge of
the truck to detect any
emerging hazards from
obscured areas of the
roadways.

The driver should scan the
left side of the crosswalk
now obscured by the
approaching vehicle and
also the left front edge of
the truck on the right.
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Plan View

Table 2.4. Descriptions and Plan Views for Scenarios 4-6 (Note: Driver is the red car)
Scenario Description

Required Action

4. Pedestrian Island: The driver is
in the right lane while approaching a
T-intersection. Only the stem of the
T is controlled by a stop sign. In the
left lane, a line of vehicles waits to
turn left. The median to the left of
the line accommodates a pedestrian
island at the crosswalk. A pedestrian
on this island is obscured by the line
of vehicles.

The driver should scan
towards the front right edge
of the first vehicle in the
line of vehicles waiting to
turn left to detect any
obscured pedestrians who
may be attempting to cross.

5. Obscuring Vegetation: The
driver is approaching a stop sign
controlled T-intersection with one
travel lane in either direction. There
is a pedestrian at the crosswalk
which lies further beyond the
intersection to the driver’s right
side. Vegetation obscures the stop
sign and also the driver’s view of the
crosswalk.

At the intersection, the
driver should continuously
scan towards the obscured
area on his or her right side
while attempting to turn
right in order to detect any
potential hazards emerging
from the obscured area.

6. Stop Ahead: The driver is
traveling on a road curving to the
right and approaching a stop sign
controlled intersection. At the
beginning of the curve, a Stop
Ahead sign exists and the Stop Sign
at the end of the curve is partially
obscured by vegetation.

The driver should glance at
the Stop Ahead sign and
then correctly identify the
Stop Sign and stop at the
intersection.

Plan View

2.4. Experimental Design
The experimental design was a 2 x 2 x 6 mixed with platform (fixed-based driving
simulator or VR headset-based driving simulator) and age (young or middle-aged) as the
two between-subject factors and scenario as the within-subject factor. A power analysis
was performed to determine the sufficiency of the sample sizes (Cohen, 2013). A sample
size of 12 young drivers and 12 middle-aged drivers, both assigned to drive on the fixedbased simulator, gave a statistical power equal to 93% with an alpha level of .05 and effect
size of 0.6. The same sample size of young and middle-aged drivers on the VR headset16

based driving simulator also yielded a statistical power equal to 93% with an alpha level
of .05 and effect size of 0.6. The between-subject design for platform was chosen due to
the fact that the scenarios were conceptually identical on both platforms and in a betweensubject design, there would not be an instance where any learning effects experienced by
participants after their first exposure to a specific scenario would transfer to their second
exposure. Between-subject designs are valid, as long as the participants are assigned
randomly to different conditions (Campbell & Stanley, 1963). The four groups of
participants navigated six scenarios overall on their assigned platform. The order of the
scenarios presented to participants was counterbalanced across and within groups using a
balanced Latin Square method (Williams, 1949).
2.5. Simulator Sickness Questionnaire
The Simulator Sickness Questionnaire is the most widely used tool to measure simulator
sickness (Stoner et al, 2011). In our experiment, we computed the total score calculated
from the participants’ responses on the SSQ for each of the age groups (Young and MiddleAged) on both platforms along with the weighted nausea, oculomotor and disorientation
scores.
2.6. Driver Behavior Questionnaire
This study utilizes the North American version of the Driver Behavior Questionnaire
(DBQ) which was originally developed in the United Kingdom. DBQ is a widely used tool
to measure driving behaviors linked to collision risks (Reason et al, 1990). In our study, we
computed the average score for each subscale based on each participants’ responses for
each of the age groups (Young and Middle-Aged) on both platforms.
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2.7. Post-Study Questionnaire
The Post-Study Questionnaire (PSQ) was developed for this study to compare several userexperience-based attributes of the VR headset-based driving simulator and the fixed-based
driving simulator. The average rating for each attribute was computed for each participant
for each of the age groups (Young and Middle-aged) on both platforms along with the
overall rating by each participant which is the average score of all the attributes’ rating for
each participant.
2.8. Procedure
After informed consent was obtained from the participants, a Pre-Study questionnaire and
a Driver Behavior Questionnaire were administered to record data related to demographics,
driver experience, and drivers’ tendency to engage in aggressive behavior while driving.
Next, the participants were given basic instructions such as to follow on-screen/audio
instructions and maintain the posted speed limit. Eye-tracking calibration was done to
ensure accurate eye-tracking data. The participants on the VR headset-based driving
simulator were given a short tutorial on different aspects of the headset and steering wheel.
Both sets of participants then drove through a preliminary practice drive for the next five
minutes. The purpose of this practice drive was to familiarize the participants with the
virtual world and also the controls of the cab. The virtual world featured in the practice
drive was a closed loop roadway consisting of several left/right turns, curves, intersections,
and straight roads. While navigating through the practice drive, they were pointed out the
rear and side view mirrors and were asked to brake, accelerate and make left/right turns.
Once they concluded the practice drive, participants were permitted to continue to the
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experimental scenarios if they felt confident to drive and maneuver through the simulation.
A set of six counterbalanced scenarios were then introduced to the participants with a gap
of 30 seconds between loading each scenario. This session lasted for approximately 45
minutes. After concluding the driving session, a Simulator Sickness Questionnaire was
administered to track any symptoms of Simulator Sickness (Kennedy et al, 1993). The
Post-Study questionnaire was also filled out by the participants.
2.9. Analysis Techniques
The dependent variables considered for this experiment were binary scored latent hazard
anticipation (whether the driver detected the latent hazard or not), glance duration (how
long the driver scanned for the latent hazard), simulator sickness severity and user
experience-based attributes of the simulator platform. To analyze these variables eyetracking data was decoded from the recorded videos of each participants’ drivers through
each of the six scenarios and their responses on the simulator sickness questionnaire and
post-study questionnaire were also analyzed. In addition to these variables, driver behavior
questionnaire responses were also analyzed to wean out anomalies that may arise during a
between-subject design experiment.
As mentioned earlier, in order to examine the drivers’ latent hazard anticipation
behavior (looked or did not look), the eye-tracking data from the recorded videos were
binary scored (0 or 1). A set of ‘launch zones’ and ‘target zones’ were predetermined for
each scenario based on previous studies (Muttart, 2013; Samuel & Fisher, 2015). A target
zone is defined as an area(s) of the roadway from where potential threats may emerge. A
launch zone is defined as that area of the roadway where the drivers should begin scan
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towards the target zone to successfully identify the presence of any potential threats.
Participants who successfully glanced at the target zone while in the launch zone in a given
scenario were scored ‘1’ while those who failed to do so were scored ‘0’. The concept of
‘Launch Zones’ and ‘Target Zones’ is perhaps better understood with an example. Let us
consider the scenario ‘Obscured Crosswalk’. Figure 2.5. shows the launch zone and target
zones for this scenario. The launch zone starts from a point which is 5 seconds before the
crosswalk lying ~50 ft before the crosswalk. The target zones are the two obscured sides
of the crosswalk, where potential threats can emerge. To be scored ‘1’, the participant will
need to scan both the target zones at least one time after entering the launch zone.

Figure 2.5. Launch Zone and Target Zones for the ‘Obscured Crosswalk’ scenario
Figure 2.6. and Figure 2.7. show the ‘Obscured Crosswalk’ scenario, from the driver’s
point-of-view on both platforms. The drivers in both instances have successfully identified
the target zones in the scenario.
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Figure 2.6. Successful Detection for the ‘Obscured Crosswalk’ scenario on the Fixedbased Driving Simulator

Figure 2.7. Successful Detection for the ‘Obscured Crosswalk’ scenario on the VR
Headset-Based Driving Simulator
The term glance in this experiment is used to refer to one or more sequential fixations on
the target zone when the participant is in the launch zone in a particular scenario. Each
frame includes an indication of where the driver is looking in the frame. In a frame-byframe tracking of the recorded videos (one frame = 33 milliseconds), every sequence of
frames in which the driver is looking at the target zone from the launch zone is recorded as
a glance. A participant usually makes more than one glance in the scenario where he or she
successfully detected the latent hazards. The total glance duration is the sum of the
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duration of all glances made by a participant in a scenario at a latent hazard, while the
average glance duration is the mean duration of all glances at the latent hazard.
For the scenarios where the participant successfully glanced at the target zone(s),
the total and average glance duration were calculated. The process of calculating the glance
duration is illustrated below with the help of figures.
1) At frame #3452, the participant upon entering the launch zone has not yet scanned the
target zone. (Figure 2.8)

Figure 2.8. Participant is yet to scan the target zone(s)
2) At frame #3453, the participant scans the left side of the crosswalk which is one of the
target zones and continues scanning that zone until frame #3474. (Figure 2.9.)
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Figure 2.9. Participant begins scanning a target zone (Left); Participant stops scanning the
target zone (Right)
Since each frame is 33 milliseconds each, the amount of the time the participant spent
glancing at the target zone, i.e. glance duration is 3473 – 3453 = 20 * 33 = 660 milliseconds.
3) At frame #3477, the participant begins scanning the left edge of the truck on the right
side of the crosswalk, which the other target zone in this scenario. He/she continues to
do so until frame #3496. (Figure 2.10.)
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Figure 2.10. Participant begins scanning another target zone (Left); Participant stops
scanning the target zone (Right)
The amount of the time the participant spent glancing at the target zone, i.e. glance duration
is 3496 – 3477 = 19 * 33 = 627 milliseconds. Considering these two glances at the target
zones, the total glance duration would be the sum of the glance duration which is 1287
milliseconds or 1.28 seconds. The average glance duration would be 643.5 milliseconds or
0.64 seconds.
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3. RESULTS
3.1. Latent Hazard Anticipation
In order to analyze the binary scored, binomially distributed eye-tracking data, a logistic
regression model within the framework of Generalized Estimation Equations (GEE) was
used. The model included age (younger and older) and the two platforms (VR headset and
fixed-based driving simulator) as the between-subject factors, while scenario type was
considered as a within-subject factor. The significance level was set at .05 and the
participants were included as a random effect in the model. The model was used to
determine whether there was a significant difference between the proportion of latent
hazards detected by participants across two groups (young vs middle-aged) and two
platforms (Fixed-based driving simulator vs VR headset-based driving simulator) as well
as whether there was an interaction between scenario type and platform.
A backward elimination procedure was used to eliminate any non-significant higher
order interactions. The final model revealed a highly significant main effect of age [Wald
χ2 = 28.72; p < 0.001] which is consistent with the results from Pradhan et al. (2005) as
well as our expected results. There was no significant effect of the platform [Wald χ2 =
0.117; p > 0.05]. The second order interaction between age and platform was not
significant. There was a significant effect of scenario type [Wald χ2 = 4871.61; p < 0.001],
but the second-order interaction between scenario type and platform was not significant.
For both platforms, the proportion of latent hazards detected was smaller for young
driver groups when compared to their middle-aged driver counterparts on the same
platform. On the fixed-based driving simulator, middle-aged drivers anticipated 92% of the
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latent hazards compared to only 64% for the young drivers. Similarly, on the virtual reality
headset-based simulator, the middle-aged drivers anticipated 90% of the latent hazards
compared to 62% for the young drivers (Figure 3.1.).
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Figure 3.1. Proportion of Latent Hazards Anticipated by each group
3.2. Glance Duration
A 2 × 2 factorial [2 age groups: Young & Middle-aged; 2 Platforms: VR headset-based
simulator and fixed-based driving simulator] ANOVA was performed separately for the
total glance duration and average glance duration for each scenario for each participant, n
= 48, α = 0.05.
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3.2.1. Total Glance Duration
Analysis of the total glance duration indicated no main effect of platform (F = 2.309; pvalue = 0.130; η2 = 0.010) or interaction between age and platform (F = 2.733; p-value =
0.1; η2 = 0.012). There was a main effect of age (F = 19.9; p-value < 0.005; η2 = 0.084).
3.2.2. Average Glance Duration
For average glance duration, there was no interaction between age and platform (F = 0.042;
p-value = 0.838; η2 = 0.0002) or main effect of platform (F = 3.42; p-value = 0.066; η2 =
0.015) or of age (F = 3.429; p-value = 0.065; η2 = 0.015).
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Figure 3.2. The mean average glance duration and mean total glance duration for each
driver group
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3.3. Simulator Sickness Questionnaire
Data from the simulator sickness questionnaire was collected and processed. While all
drivers assigned to the fixed-based driving simulator groups completed their drives, two
drivers assigned to the VR headset-based driving simulator (one Young, one Middle-aged)
dropped out during or right after the preliminary practice drive and were immediately
withdrawn from the study.
A 2 × 2 factorial [2 age groups: Young & Middle-Aged; 2 Platforms: VR headsetbased simulator and fixed-based driving simulator] ANOVA was performed for the SSQ
total scores as well as for the individual weighted scores for the three subscales (nausea,
oculomotor and disorientation) for the non-dropout participants, n = 48, α = 0.05.
3.3.1. Nausea
No interaction between age and platform (F = 1.348; p-value = 0.252; η2 = 0.030) or main
effect of platform (F = 0.84; p-value = 0.773; η2 = 0.002) were observed, although there
was a main effect of age (F = 7.207; p-value = 0.010; η2 = 0.141), with middle-aged drivers
scoring higher on the SSQ scaled score for Nausea than their younger counterparts.
3.3.2. Oculomotor
No interaction between age and platform (F = 1.179; p-value = 0.284; η2 = 0.026) or main
effect of platform (F = 0.354; p-value = 0.555; η2 = 0.008) were observed, although there
was a main effect of age (F = 4.269; p-value = 0.045; η2 = 0.088), with middle-aged drivers
scoring higher on the SSQ scaled score for Oculomotor than their younger counterparts.
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3.3.3. Disorientation
No interaction between age and platform (F = 2.928; p-value = 0.094; η2 = 0.062) or main
effect of platform (F = 0.007; p-value = 0.932; η2 = 0.000) were observed, although there
was a main effect of age (F = 7.973; p-value = 0.007; η2 = 0.153), with middle-aged drivers
scoring higher on the SSQ scaled score for Disorientation than their younger counterparts.
3.3.4. Total Severity
No interaction between age and platform (F = 0.322; p-value = 0.573; η2 = 0.007) or main
effect of platform (F = 0.688; p-value = 0.411; η2 = 0.015) were observed, although there
was a main effect of age (F = 14.641; p-value = 0.0004; η2 = 0.25), with middle-aged
drivers scoring higher on the Total Severity score than their younger counterparts.
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Figure 3.3. The weighted Simulator Sickness scores for each driver group
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3.4. Driver Behavior Questionnaire
A 2 × 2 factorial [2 age groups: Young and Middle-aged; 2 Platforms: VR headset-based
simulator and fixed-based driving simulator] ANOVA was performed for the average
scores for Error, Lapse and Violation, n = 48, α = 0.05.
3.4.1 Error
No interaction between age and platform (F = 0.22; p-value = 0.641; η2 = 0.005) or main
effect of platform (F = 0.74; p-value = 0.394; η2 = 0.017) or of age (F = 0.055; p-value =
0.816; η2 = 0.001) were observed.
3.4.2. Lapse
No interaction between age and platform (F = 1.914; p-value = 0.174; η2 = 0.042) or main
effect of platform (F = 0.733; p-value = 0.396; η2 = 0.016) or of age (F = 1.254; p-value =
0.269; η2 = 0.028) were observed.
3.4.3. Violation
No interaction between age and platform (F = 0.561; p-value = 0.458; η2 = 0.013) or main
effect of platform (F = 0.773; p-value = 0.384; η2 = 0.017) or of age (F = 0.027; p-value =
0.871; η2 = 0.001) were observed.
3.5. Post-Study Questionnaire
A 2 × 2 factorial [2 age groups: Young and Middle-aged; 2 Platforms: VR headset-based
simulator and fixed-based driving simulator] ANOVA was performed for the average
scores of each attribute to check for main effects or an interaction effect. Apart from
Driving Controls (F = 5.038; p-value = 0.03; η2 = 0.103), no other attribute had a significant
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main effect of age. Among all the attributes analyzed, only Navigation (F = 6.856; p-value
= 0.012; η2 = 0.135) and Driving Controls (F = 36.52; p-value < 0.005); η2 = 0.454) had a
significant main effect of Platform. There was an interaction effect between age and
platform for Graphics (F = 6.707; p-value = 0.013; η2 = 0.132), while no interaction effect
between age and platform was found for any attributes. The mean scores for each of the
attributes for all groups are listed below in Table 3.1. and illustrated in Figure 3.4.
Table 3.1. Mean Post-Study Questionnaire Scores for each group (Scaled 1 to 5)
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Figure 3. 4. Mean Scores for Post-Study Questionnaire attributes for each driver group
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4. DISCUSSION
VR headsets are much less expensive than fixed-based driving simulators and therefore
could greatly extend the power of simulation. Yet, even if valid as a way to measure
something like latent hazard anticipation, they have produced documented evidence of
simulator sickness (Munafo et al, 2017; Jensen & Konradsen, 2018). Thus, it is important
to understand not only whether VR headsets are valid, but also whether they can be put to
practical use. The current study sought to fill a gap in the literature by examining the
validity of VR headsets at measuring driver performance (hazard anticipation ability)
compared to a fixed-based driving simulator. While we could have chosen other metrics of
performance to validate the platform, we chose to measure latent hazard anticipation ability
both because it has been demonstrated to be significantly higher for middle-aged drivers
compared to young drivers, on fixed-based driving simulators and on the open road (Lee
et al, 2008; Romoser et al, 2013; Pradhan et al, 2005) and because it is linked to crashes.
4.1. Latent Hazard Anticipation
Consistent with our expected results, the results of the current study showed that
the proportion of latent hazards anticipated by the middle-aged drivers was significantly
more than that anticipated by young drivers on both the VR headset-based driving
simulator (90% for middle-aged vs 62.5% for young – a difference of 27.8 percentage
points) and the fixed-based driving simulator (91.7% for middle-aged vs 64% for young –
a difference of 27.7 percentage points). This result was also in line with results from
previous research conducted on driving simulators and in the field that demonstrated that
middle-aged drivers anticipate a significantly greater proportion of latent hazards than
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young drivers (Pradhan et al, 2005). The result from the mixed-effect logistic regression
model showed that there was no impact of platform on performance for either the young
or the middle-aged drivers.
4.2. Glance Duration
The current study seeks to add more evidence in support of using VR headsets to measure
driver performance (total glance duration and average glance duration of anticipatory
glances) in safety-critical tasks where normally a fixed-based driving simulator might be
used to do such. In particular, the results showed that middle-aged drivers spent a longer
time glancing at latent hazards than did young drivers on both the VR headset-based and
fixed based driving simulators. With this in mind, it is also important to note that the
average glance duration was the same among young and middle-aged drivers across both
platforms. Had the middle-aged drivers’ average glance duration at the latent hazards been
longer than those of younger drivers, the middle-aged drivers would potentially have
compromised their safety. Both results are in line with results from previous research
conducted on driving simulators and on-road studies that demonstrated that while middleaged drivers gaze longer at latent hazards, i.e., have a longer total glance duration (Urwyler
et al, 2015; Crundall et al, 2012), there may only be marginal or no differences in terms of
their average glance duration when compared to the younger drivers (Chapman &
Underwood, 1998; Chan et al, 2010). Most importantly, the results from the ANOVA
models for total glance duration and average glance duration showed that there was no
impact of platform on performance for either the young or the middle-aged drivers.
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4.3. Simulator Sickness
Driving simulator-based studies have always presented difficulties associated with high
attrition rates due to simulator sickness or simulator adaptation syndrome for both young
and old drivers (Helland et al, 2016). Virtual reality headsets have also been associated
with such difficulties, with several studies reporting a high attrition rate among users due
to motion sickness (Munafo et al, 2017; Jensen & Konradsen, 2018). Hence, the current
study also examined the effect of simulator sickness on both platforms by comparing data
collected from a standard Simulator Sickness Questionnaire (Kennedy et al, 1993).
Consistent with this, two drivers assigned to the VR headset group dropped out of the study,
but none in the fixed-based simulator group dropped out of the study. This drop-out rate
is less than 10% and, for most studies, may not pose a serious limitation. Importantly, the
weighted subscale scores and total simulator sickness scores among those who completed
the experiment were compared between all driver groups on both platforms. The results
indicated that there was no significant difference between simulator sickness scores on both
platforms. There was a significant main effect of age on both platforms, with middle-aged
drivers having significantly higher severity scores compared to young drivers. This is
generally consistent with previous literature which states that older drivers are more prone
to the symptoms of simulator sickness when compared to younger drivers (Brooks et al,
2010; Keshavarz et al, 2018). Furthermore, the lack of significance for any second-order
interaction between age and platform indicated that the difference between the simulator
sickness scores of middle-aged and young drivers was similar on both platforms.
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4.4. Driver Behavior Questionnaire
With every between-subject design, there exists a possibility for certain confounds to arise,
such as, the overrepresentation in one group of drivers who tend to engage in aggressive,
aberrant driving behavior. In order to determine whether such confounds were present, a
Driver Behavior Questionnaire was administered in the study. Results show no indication
of such confounds with no significant effect in questionnaire responses across all platforms
and age groups.
4.5. Post-study Questionnaire
The objective behind administering a Post-Study Questionnaire was to identify the various
attributes we could improve the VR headset-based driving simulator based solely on a user
experience standpoint. Analysis of the participants’ responses on the questionnaire
indicated that although several attributes are already on par with the fixed-based driving
simulator, a few attributes such as ‘Navigation’ and ‘Driving Controls’ can be improved on
the VR headset-based driving simulator, since the VR simulator received 15% and 38%
lower rating on said attributes when compared to the fixed-based simulator. ‘Driving
Controls’ were also perceived differently by the younger drivers and middle-aged drivers,
where younger drivers were 12% more likely to rate the controls favorably than the middleaged drivers.
4.6. Limitations and future work
The study has several important limitations as noted here. First, the current study used a
between-design experiment to address the hypothesis that drivers would perform similarly
on a VR-based driving simulator and fixed-based driving simulator. In these kinds of
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experiments, it is difficult to maintain complete homogeneity across the groups despite
random assignment. It would be useful to consider a within-subject design with matching
or block randomization techniques to eliminate confounds. In such a case, it would be
worth looking into the possibility of integrating the VR headset to the controls of the fixedbased simulator in order to improve the comparison between the two platforms. Second,
this study validated the virtual reality platform based only on the hazard anticipation skills
of the young and middle-aged drivers. Future studies should also consider investigating
other crash avoidance skills such as hazard mitigation and attention maintenance. Third,
other measures of driving performance may also be considered for validation of a platform
(e.g., various vehicle measures such as the standard deviation of lane position, or other eye
movement measures such as horizontal and vertical gaze dispersion, physiological
variables such as percentage of eye closure and blink rate or perhaps even workload
metrics). Fourth, while the two platforms were found to differ in terms of dropout rates,
there were no statistically significant differences in terms of severity of simulator sickness
among those who completed the experiment. Evaluation of older drivers aged 65 years and
above needs to be considered to measure true effectiveness. Fifth, the recruited population
was imbalanced with regards to gender and the implications of this imbalance have not
been explored. To further examine if gender had any effect on the hazard anticipation
performance of the participants, gender was included in the logistic regression model along
with two age groups and two platform groups. Results revealed that there was no significant
effect of gender [Wald χ2 = 0.150; p = 0.699] on the latent hazard anticipation performance
of the participants. Additionally, there was no second order interaction between age and
gender [Wald χ2 = 0.380; p = 0.537] or between gender and platform [Wald χ2 = 0.019; p =
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0.890]. A future study could focus on balancing the recruited population by gender and
compare the performance between the two gender groups.
4.7. Conclusion
In summary, the current study showed that VR headsets may be used to effectively measure
driver performance, specifically spatial characteristics of latent hazard anticipation
behaviors and also the temporal characteristics. It suggests that VR headsets can potentially
be used to measure a wide range of safety-critical behaviors, not only hazard anticipation
behaviors. Such additional behaviors are known to include hazard mitigation behaviors as
well as attention maintenance behaviors (Fisher et al, 2017). VR headsets also appear, at
least with hazard anticipation scenarios, not to generate more than minimal simulator
sickness. VR headsets offer promise as an alternative to conventional simulators especially
as a platform that can easily accommodate multiple users. The range of applications in
which VR headset-based driving simulators could now be employed is greatly expanded.
Multiple-vehicle conflicts involving multiple drivers or road users is one research theme
that may be suitably addressed using VR headset-based simulators, for example, scenarios
in which each driver was using different levels of automation. They could be used for
training novice drivers or older drivers on a widespread basis, something that is not possible
with more expensive fixed-based driving simulators. They could be used during licensure
to evaluate drivers crash avoidance skills. The opportunities are many and the impact could
potentially be equally large.
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APPENDIX A.
SIMULATOR SICKNESS QUESTIONNAIRE
Among the 16 (out of 29) symptoms highlighted on the Simulator Sickness Questionnaire,
there were sets of symptoms that were correlated and three subscales were identified:
Nausea (N), Oculomotor problems (O), and Disorientation (D). Each participant rated a
symptom score of 0, 1, 2, or 3. For example, let’s say a participant rates the seven symptoms
under disorientation as, 2, 2, 3, 2, 3, 2, 1. The unweighted disorientation factor score will
be 15 and the weighted disorientation score will be 15 × 7.58. Similarly, the weights for N
and D are 9.54 and 13.92. The total score will be equal to the sum, N + O + D × 3.74.
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APPENDIX B.
DRIVER BEHAVIOR QUESTIONNAIRE
Three subscales were identified for the 24 items listed in the Driver Behavior Questionnaire
in the form of questions, namely, Error (E), Lapses (L), and Violations (V). Each participant
rated an item on a scale of 0 to 5 (rarely to always), based on how often they engaged in
the behavior mentioned in that item. For example, “Try to pass another car that is signaling
a left turn” is an Error related item and a participant who rarely engages in such behavior
would rate this item as ‘0’. Each DBQ has 8 items for each subscale.
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APPENDIX C.
POST-STUDY QUESTIONNAIRE
The Post Study Questionnaire listed the following attributes of the simulator which were
to be rated on a scale of 1 to 5 (Very Bad to Very Good): ‘Navigation’, ‘Driving Controls’,
‘Graphical Quality’, ‘Sense of Realism’, ‘Audio Quality’, ‘Wearable Equipment’, and
‘Seating Comfort’.
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